INTRODUCTION
In the general population, OSA has been found to negatively affect cognitive functioning. 8, 9 Studies on the effect of OSA on cognitive functioning in stroke patients are scarce, and the results inconsistent. 4, 5, 10 One study found an association between OSA and a cognitive screening instrument (Mini-Mental State Examination [MMSE]), 11 whereas two studies reported no relationship. However, the MMSE is not designed to detect subtle cognitive changes, and use of more sensitive neuropsychological tests is recommended. 5 We conducted a pilot study (n = 16) examining the effect of OSA on neuropsychological functioning in stroke patients and found that OSA was associated with lower performance in the domains of attention, verbal memory, and visuoperception. 12 A larger study in patients with traumatic brain injury showed similar results, with OSA being associated with more impairment of sustained attention and memory. 13 In the current study we investigated the association between OSA and both cognitive and functional status in a large sample of stroke patients. We hypothesized that OSA is associated with a lower cognitive and functional status.
(2) age between 18 and 85 y, (3) admission between 1 and 16 w after stroke, (4) able to participate in the sleep study and neuropsychological assessment, and (5) sufficiently fluent in Dutch. Exclusion criteria were: (1) severe, unstable medical conditions, respiratory failure, or history of severe congestive heart failure, (2) traumatic brain injury, (3) severe aphasia, confusion, or severe psychiatric comorbidity, or (4) central sleep apnea or previously diagnosed OSA. Inclusion of patients in the control group was ended at n = 100.
This study is part of the prospective Treatment of OSA and Rehabilitation Outcome in Stroke (TOROS) study (Dutch Trial Register NTR3412). 14 The institutional review board of the Academic Medical Centre in Amsterdam approved the study and all subjects provided written consent before participation.
Sleep Studies
Within the first weeks of hospitalization, patients underwent a sleep examination using standardized pulse oximetry (WristOx; Nonin Medical, Plymouth, MN, USA) and ambulatory overnight cardiorespiratory polygraphy (Embletta; Embla, Ottawa, Canada). The oxygen desaturation index (ODI) was calculated from pulse oximetry using automated analyses. The ODI was defined as the mean number of oxygen desaturations of ≥ 3% per hour. Patients with an ODI of five or higher were further tested for OSA by polygraphy. Polygraphy included recordings of airflow by oronasal thermistor, oxygen saturation and heart rate by pulse oximetry, and respiratory effort by abdominal wall and thoracic wall motion recording. The data were recorded with a multichannel digital polygraphic system. Trained staff manually scored the polygraph recordings for apnea and hypopnea events. Apnea was defined as a reduction of airflow of ≥ 90% for at least 10 sec and hypopnea was defined as a reduction of airflow of ≥ 50% for at least 10 sec followed by an oxygen desaturation of ≥ 3%. Apneas with thoracic motion, without thoracic motion, or with initial lack of motion followed by respiratory effort, were classified as obstructive, central, or mixed, respectively. The apnea-hypopnea index (AHI) was defined as the mean number of apneas and hypopneas per hour in bed. In patients with an AHI of 15 or higher on polygraphy, the diagnosis of sleep apnea (moderate to severe) was made. OSA was diagnosed when at least 50% of the respiratory events were of the obstructive type, whereas central sleep apnea was diagnosed when more than 50% of respiratory events were of the central type. Patients with a normal ODI (< 5) or AHI < 15 were enrolled in the control group of this study. In the current analyses, however, we excluded patients with mild OSA (AHI between 5-15) to reduce possible misclassifications. Patients with ODI (< 5) or AHI < 5 are further referred to as non-OSA patients.
Outcome Measurements
The primary outcome measures of this study were cognition and functional status. For cognition the following nine domains were assessed: vigilance, attention, memory, working memory, executive functioning, language, visuoperception, psychomotor ability, and intelligence. A trained psychology technician administered the battery of standardized neuropsychological tests within 4 w of admission. The assessment battery consisted of the following tests: (1) Psychomotor Vigilance Task to test of vigilance and reaction time, (2) D-KEFS Trail Making Test for visual attention and mental flexibility, (3) d2 Test of Attention, a measure of sustained and selective attention; (4) Rey Auditory Verbal Learning Test for verbal memory; (5) WAIS-III Letter-Number Sequencing to test working memory, (6) Tower of London for the assessment of executive functioning, (7) Category Fluency to assess verbal fluency, (8) Bells Test, a test for visuoperception and visual neglect, (9) Finger Tapping Test to assess psychomotor ability and motor speed, and (10) WAIS-III Matrix Reasoning, a measure for nonverbal abstract reasoning. For a number of cognitive domains, nonverbal alternative tests were administered to for patients with aphasia: Color Trails Test for visual attention and mental flexibility, Location Learning Test to test visual-spatial memory, and WMS-IV Symbol Span for visual working memory. Categorization of tests into cognitive domains was based on conventional classification as described in the standard textbook of neuropsychological assessment. 15 The classification of neuropsychological tests per cognitive domain and a short description of the tests are given in Table S1 (supplemental material).
The obtained test scores were transformed into demographically corrected z-scores using reference data. All tests were corrected for age and the Color Trails Test, Location Learning Test, and Rey Auditory Verbal Learning Test were corrected for both age and education. For three tests (Psychomotor Vigilance Task, Bells Test, and Finger Tapping Test) no reference data were available and age-adjusted z-scores were calculated using a linear regression based approach including age as independent variable. We calculated the regression weights for the non-OSA group and subsequently applied them to all patients. If patients were unable to complete a task, the overall lowest obtained z-score for that test was given. In case of multiple tests within one domain, the average z-score for the domain was calculated. All nine domain scores were averaged into one overall cognition score (Cronbach α = 0.82).
Functional status was assessed by measures of neurological status and functional independence. At hospital admission, a rehabilitation physician administered two scales of neurological status, the Canadian Neurological Scale (CNS) 16 and the National Institutes of Health Stroke Scale (NIHSS). 17 The obtained scores were transformed into z-scores and averaged into one score for neurological status. Within the first week of admission, a trained nurse practitioner scored the level of functional independence on the physical functioning subscales (mobility and self-care) of the Utrecht Scale for Evaluation of Rehabilitation (USER). 18 The obtained scale scores were transformed into z-scores and averaged into one score for functional independence. The score for overall functional status was calculated by averaging the neurological status and functional independence score (Cronbach α = 0.84).
Secondary outcome measures were sleepiness (Stanford Sleepiness Scale), 19 fatigue (Checklist Individual Strength), 20 anxiety and depression (Hospital Anxiety and Depression Scale), 21 and subjective sleep quality (Sleep Quality Scale). 22 A trained psychological technician administered these measures at the time of the neuropsychological assessment.
Demographic, clinical, and neurological data (age, sex, education level, body mass index [BMI], stroke type, stroke localization, stroke classification, time after onset of stroke, single versus recurrent stroke) were obtained from the medical files. The level of education was classified into seven categories according to the International Standard Classification of Education. 23 Stroke classification at the time of hospital presentation was scored according to the Oxfordshire Community Stroke Project criteria. 24 A full description of the assessment procedures has been published previously.
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Statistical Analysis
Data analyses were performed using SPSS (version 19.0, IBM, Armonk, NY). We used descriptive statistics to characterize the sample in terms of demographics, clinical, sleep, and stroke variables. To compare values between groups we used parametric (Student t test) and nonparametric tests (chi-square test or Mann-Whitney U test) as appropriate.
To evaluate differences between groups on cognitive and functional status, we performed a multivariate analysis of covariance (MANCOVA) using the mean z-scores of cognitive and functional status as dependent variables and recurrent stroke and level of education as covariates. Next, we performed univariate analyses of covariance (ANCOVAs) for the individual cognitive and functional domains with Benjamini-Hochberg correction for multiple comparisons. 25 Effect sizes were calculated with Cohen d statistic. An effect size of 0.2 was considered small, 0.5 moderate and 0.8 large. We replaced missing values by the group mean of each domain (1 data point was missing for functional independence, 5 for psychomotor ability, 3 for intelligence, 1 for visuoperception). In the cognitive domain of vigilance 19 data points (13%) were missing. We imputed the estimated values using a linear regression equation based on the overall cognition score without the vigilance domain. We performed the main analyses with and without the imputed values and this did not change the results. For secondary outcome measures Student t tests were performed. In case of missing values we imputed the group mean of each measure (7 data points were missing for sleepiness and sleep quality, 5 for fatigue, anxiety and depression).
For all statistical tests, significance was set at P < 0.05.
RESULTS
Characteristics of the Participants
The flow of participants through the study is illustrated in Figure 1 . In total, we screened 654 patients and found 449 patients eligible. One hundred twenty-one patients were discharged before they could be included and 122 patients declined participation. We removed one patient from the sample analyses due to changes in AHI after prescription of sleep medication, and six patients were removed because of technical problems with the pulse oximetry data (more detailed information is available upon request). Our initial sample comprised 199 patients, of whom 80 (40%) received a diagnosis of moderate to severe OSA (AHI ≥ 15). Nineteen patients were excluded from the control group because they were referred after the target sample size of 100 controls was reached (May 2014). Additionally, we excluded 33 patients with mild OSA (AHI 5-15) from the control group.
Thus, our final sample comprised 147 patients. Eighty-three patients (57%) were male and the mean age was 57.8 y (± 10.1; range, 24-76). Fifty-one patients (35%) were overweight (BMI 25-30) and 22 patients (15 %) were obese (BMI ≥ 30). The majority of patients had a first-ever stroke (83%). Seventy-one percent of the patients had an ischemic stroke, 22% had a hemorrhagic stroke, and 7% a subarachnoid hemorrhage. Cortical strokes were predominant (88%) and the majority of strokes were classified as partial anterior circulation stroke (60%). On average, patients were admitted to the rehabilitation unit 17.2 days (± 16.0; range 3-98) after the stroke and were discharged after 69.0 days of inpatient rehabilitation (± 32.6; range 13-169). There was no significant difference between stroke types (ischemia, hemorrhage, or subarachnoid hemorrhage) on the primary outcome measures cognitive status (F(2, 144) = 0.79, P = 0.46) and functional status (F(2, 144) = 0.99, P = 0.37), which justifies combining these stroke subtypes in our further analyses.
Background characteristics of the OSA and non-OSA groups are presented in Table 1 . The mean ODI and AHI in the OSA group were 29.4 and 33.0, respectively, compared to 5.4 and 2.8, respectively, in the non-OSA group (AHI was only available for 18 non-OSA patients because only a subgroup underwent polygraphy). The OSA group was significantly older and had a higher BMI than the non-OSA group. The groups did not differ on sex, education level, or any of the stroke characteristics. There was no difference in time between stroke onset and admission to the rehabilitation center. The OSA patients, however, spent a significantly longer period (average of 11 days) in inpatient rehabilitation than the patients without OSA. This difference in time spent in inpatient rehabilitation was not related to the age of the patients (F (2, 144) = 0.28, P = 0.60). We included recurrent stroke and level of education as covariates in our main analyses for cognitive and functional status, because there were group differences on these measures, albeit not significant. We did not include age and BMI, because the cognitive measures were already adjusted for age and we did not find significant correlations between cognitive and functional status, and age or BMI (functional: age r = 0.08, P = 0.32; BMI r = −0.02, P = 0.79; cognitive: age r = −0.01, P = 0.90; BMI r = 0.05, P = 0.55).
Primary Outcomes
We found a significant difference between the OSA and the non-OSA group on both cognitive and functional status (MANCOVA; Pillai's trace = 0.08, F(2, 142), P = 0.001). OSA patients had a lower overall cognitive status than patients without OSA (Table 2 ). ANCOVAs showed that OSA patients performed significantly worse in the domains of attention, executive functioning, visuoperception, psychomotor ability, and intelligence. The performance in the domains of vigilance, memory, working memory, and language did not differ between groups. For all domains with significant group differences, Cohen d was small to moderate (0.35-0.48).
We found that OSA patients had a significantly lower functional status than non-OSA patients (Table 3 ). ANCOVAs showed that OSA patients had a significantly worse neurological status and significantly lower functional independence, both on self-care and mobility. The effect sizes for the functional domains ranged from small to large (0.24-0.92), with the largest effect sizes for measures of functional independence.
Secondary Outcomes
We found no significant differences between the OSA patients and non-OSA patients on sleepiness, fatigue, or sleep quality (Table 4) . Moreover, the OSA group did not differ significantly from the non-OSA group on reported symptoms of anxiety or depression.
DISCUSSION
We found that OSA patients had significantly more cognitive and functional impairment than stroke patients without OSA. They were more impaired in attention, executive functioning, visuoperception, psychomotor ability and intelligence, and had poorer neurological status and a lower level of functional independence upon admission. We also found that OSA patients on average had an 11-day longer hospitalization in the neurorehabilitation than patients without OSA. OSA patients did not differ from the stroke patients without OSA on reported levels of sleepiness, fatigue, and sleep quality or on reported symptoms of depression and anxiety.
We observed a relatively high prevalence of OSA in our sample (40% of the initial sample of 199), which is consistent with previous findings. Johnson and Johnson performed a meta-analysis on the prevalence of sleep apnea in stroke patients. 3 They included six studies conducted on stroke rehabilitation units and found prevalence rates between 22-61% (for AHI > 10 and AHI > 20). However, it should be noted that the prevalence rate in our study may not be representative for our neurorehabilitation unit as a whole, as only a selective group of patients participated in the study. The observed lack of association between stroke characteristics and OSA is also consistent with earlier studies. 5, 10 In our study, OSA was associated significantly with older age and higher BMI. This is not surprising as both are well-known risk factors for OSA. 26 One of the main findings of our study is that, at the time of admission to the neurorehabilitation unit, OSA is associated with a poorer neurological status and higher functional dependence. Our findings are supported by a number of earlier studies that found that OSA was associated with worse functional outcome at discharge, and at 3, 6, and 12 mo after stroke onset. 4, 5, 7 The findings on functional status upon admission to stroke rehabilitation are less consistent. 5,6,10 Kaneko et al. 5 and Sandberg et al. 10 found higher functional dependence in OSA patients upon admission, whereas Cherkassky et al. 6 did not find a difference in functional dependence. In contrast to our findings, Kaneko et al. 5 found that the neurological status measured with the CNS upon admission to the stroke rehabilitation unit did not differ between OSA and non-OSA patients. In their study OSA patients did score slightly lower on the CNS than the OSA patients, although the difference was not significant. This may be explained by the small size of the non-OSA group in their study (n = 17). Furthermore, in accordance with Kaneko et al., we also found that OSA patients spent a longer period of time hospitalized in the neurorehabilitation unit than patients without OSA.
To our knowledge, this is the first study that compared cognitive functioning of stroke patients with and without OSA using a comprehensive neuropsychological assessment. We found that OSA patients are significantly more impaired in a number of cognitive domains. Our results are, to a large extent, comparable to cognitive effects found in the otherwise healthy OSA population, and confirm our earlier pilot study results. 12, 8 In accordance with our findings, substantial effects on attention and to a lesser degree on executive functioning, visuoperception and motor function are often reported in the general OSA population, whereas language is often spared. However, in contrast to our results, vigilance and memory are also often reported to be affected by OSA in the healthy population. 27, 28 In our study we did observe a trend for worse vigilance in the OSA group, but we did not find any effects of OSA on memory. In our pilot study, 12 we did observe a significant correlation between OSA and verbal memory. This discrepancy in findings is most probably related to methodological differences between the two studies. In the current study we compared two groups (OSA and non-OSA), whereas in the pilot study cognitive measures were correlated to measures of OSA (AHI and ODI). Last, we found that the intelligence domain was more impaired in OSA patients, whereas the more general finding is that intellectual functioning is spared in otherwise healthy OSA patients. 8, 9 This discrepancy may be explained by the fact that we only used one cognitive test of performance intelligence to measure the intelligence domain (WAIS-III Matrix Reasoning) instead of a complete intelligence quotation (IQ) assessment, as there are some indications in the general population that performance IQ is lower in OSA patients, whereas verbal IQ and total IQ are spared. 9 Contrary to general expectations, we did not find higher levels of fatigue or sleepiness in OSA patients. The first could be explained by the fact that fatigue is not only a common sign of OSA, but also the most reported complaint after stroke. 29 This explanation is supported by the high levels of fatigue reported by both groups. The lack of difference between patients with and without OSA on reported sleepiness may be caused by the difficulty to differentiate between the concepts of sleepiness and fatigue or alternatively by a lack of awareness or underestimation of their sleepiness as result of the stroke. Although these findings or not in line with the generally held view, they are less surprising in the light of an earlier study we performed on predictive value of self-reported complaints for OSA in stroke patients. 30 In this study we found that self-reported symptoms such as fatigue and sleepiness could not adequately predict a high likelihood of OSA in the stroke population.
Several limitations of our study should be noted. First, our findings are only correlational and do not imply causality. It could therefore be argued that the lower cognitive and functional status of OSA patients are not attributable to OSA, but rather to stroke severity. However, we did not observe any significant differences between the OSA and non-OSA groups in stroke type, location, or classification (a measure of stroke severity) at time of admission. Moreover, we included recurrent stroke as covariate in our main analyses. Thus, this suggests that the excess of cognitive and functional impairment observed in the OSA patients is not just a marker of more severe stroke. Nor can the lower performance of OSA patients be attributed to age, educational level, or BMI, as we corrected the cognitive data for age, included education as a covariate in our analyses, and demonstrated that both age and BMI were not correlated to functional status.
Second, we performed a two-tiered screening procedure for the diagnosis of OSA. In our study patients were first examined by standardized pulse oximetry, and patients only underwent a full polygraphy when the ODI was elevated (ODI ≥ 5). We chose to use this two-tiered method, because earlier studies showed that an elevated ODI on pulse oximetry is highly sensitive for the diagnosis of mild and moderate to severe sleep apnea (AHI ≥ 5: 86% sensitivity; AHI ≥ 15: 96-100% sensitivity, respectively), 31, 32 and pulse oximetry is less burdensome and costly than polygraphy. This method, however, may have led to misclassification of subjects. Additionally, the use of polygraphy without electroencephalography may have led to some degree of misclassification, because total recording time was used to calculate AHI, instead of total sleep time, which may have resulted in an artificially lower AHI. Earlier studies have shown that the AHI based on total sleep time is on average 2 to 8 points lower in patients with moderate and severe OSA respectively. 33 Third, our patient sample may not have been representative of stroke patients in general. We only included patients admitted to the neurorehabilitation unit. These patients had a level of disability that precluded them from being discharged immediately after hospitalization, but they were not so severely disabled that they did not have rehabilitation potentials. In addition, more than half of the eligible patients did not participate because of early discharge from the rehabilitation unit or declining to undergo sleep examination or neuropsychological assessment. Therefore, we cannot rule out the possibility of a selection bias.
Our study also had a number of important strengths, including the large sample size, the use of both cognitive and functional measures, and the administration of a comprehensive neuropsychological assessment battery for the evaluation of cognitive functioning.
CONCLUSIONS
In summary, our results indicate that OSA is associated significantly with a lower cognitive and functional status in stroke patients admitted for stroke rehabilitation. Our findings underline the importance of OSA as a probable prognostic factor, and call for well-designed randomized clinical trials to investigate whether treatment of OSA could improve cognitive and functional outcome of stroke patients. Table S1 -Neuropsychological tests by cognitive domain.
SUPPLEMENTAL MATERIAL
Vigilance
Psychomotor Vigilance Task   1 The test measures the speed with which subjects respond to a visual stimulus on a computer screen by pressing the space bar during a 10-min period. Scores are mean reaction time and number of lapses (> 500 ms). Subjects are asked to cross out the target stimuli with a pencil (d's with two accent marks), while ignoring the distracting stimuli. The test consists of 14 lines of stimuli for which the subjects have 20 sec per line. Scores are number of correctly crossed out targets minus number of incorrectly crossed out distracting stimuli.
Attention
Memory
Rey Auditory Verbal Learning Test (Dutch version)
5,6
A series of 15 unrelated one-syllable words is read over five trials. After each trial the subjects are asked to recall the words they remember. Twenty minutes after the last trial the delayed recall is tested. Scores are number of words recalled on the five immediate trials and the score on the delayed recall trial.
a Location Learning Test 7
The test consists of a 5 × 5 matrix with 10 pictures. Subjects are presented this matrix for 30 sec and are subsequently asked to correctly place the pictures on the matrix. Subjects are given five learning trials and a delayed recall trial after 15 min. Scores are total number of displacements after five trials and total number of displacements on the delayed recall trial.
Working Memory
WAIS-III Letter-Number Sequencing
8
A series of letter and number combinations, from two to nine letter-number combinations are read by the examiner. Subjects are instructed to repeat each series by first, repeating the numbers in ascending order and then the letters in alphabetical order. Scores are number of correct items.
a WMS-IV Symbol Span
9
Subjects are briefly shown a series of abstract symbols on a screen and then asked to select the symbols from an array of symbols, in the same order they were presented on the previous screen. Scores are number of correct items. 3 condition 2 Subjects are asked to connect numbers alternating with letters (TMT condition 4) or to connect yellow numbers alternating with pink numbers (Color Trails Test condition 2). Scores are time to completion in seconds.
Tower of London
10
The test consists of two boards with three pegs and three beads with different colors. Subjects are asked to copy different patterns on the examiner's board in as few moves as possible without breaking the imposed rules. Scores are number of moves to completion.
Language
Category Fluency
11
The test consists of naming animals and occupations for 1 min each. Scores are the number of correct words per category.
a Nonverbal alternative for patients with aphasia. 
Visuoperception
D-KEFS TMT,
2 condition 1 Subjects are asked to cross out the number '3' between distracting numbers and letters. The page is placed at the subjects' midline. Scores are time to completion in seconds.
Bells Test
12
In this test subjects are asked to circle all 35 bells embedded within a large number distractors (houses, horses, etc.) The page is placed at the subjects' midline. Scores are the number of circled bells.
Psychomotor Ability
D-KEFS TMT, 2 condition 5 Subjects are asked to trace a line connecting a number of circles as fast as possible without missing any of the circles. Scores are time to completion in seconds.
Finger Tapping Test
13
Subjects are instructed to tap their index finger on the space bar of the test computer as quickly as possible for 10 sec. Subjects start with a practice trial after which the trial is repeated five times. This procedure is repeated with the nondominant hand. Scores are number of taps per hand.
Intelligence
WAIS-III Matrix Reasoning
8
Subjects are shown incomplete matrices or series and are instructed to complete the matrices or series by selecting the correct response option. Score are number of items correct.
a Nonverbal alternative for patients with aphasia.
